A 356-marker linkage map of Glycine max (L.) Merr. (2n ‫؍‬ 20) was established by anchoring 106 RAPD markers to an existing RFLP map built with a large recombinant inbred line population (330 RILs). This map comprises 24 major and 11 minor linkage groups for this genome which is estimated to be approximately 3275 cM. The RAPD markers show similar distribution throughout the genome and identified similar levels of polymorphism as the RFLP markers used in the framework. By using a subset population to anchor the RAPD markers, it was possible to enhance the throughput of selecting and adding reliable marker loci to the existing map. The procedures to generate a dependable genetic linkage map are also described in this report.
The RAPD markers show similar distribution throughout the genome and identified similar levels of polymorphism as the RFLP markers used in the framework. By using a subset population to anchor the RAPD markers, it was possible to enhance the throughput of selecting and adding reliable marker loci to the existing map. The procedures to generate a dependable genetic linkage map are also described in this report.
Linkage maps based on restriction fragment length polymorphism (RFLP), amplified fragment length polymorphism (AFLP), and random amplified polymorphic DNA (RAPD) markers have been developed for a number of plant species. In soybeans (Glycine max L. Merr.), dense genetic maps were developed using RFLP and more recently AFLP markers . Even though extensive studies have been developed with these types of marker systems, there are concerns about the realistic use of these technologies in developing countries and small breeding programs where resources can be limited. The RAPD marker system is a technology that requires a relatively small investment and can be easily employed where RFLPs and AFLPs are not economically practical. Furthermore, any additional marker system that would contribute to the construction of a high-density genetic map would be a valuable resource to the soybean research community. Working toward the construction of tight linkages would significantly improve the efficiency of studies on marker-assisted selection in breeding programs and map-based gene cloning (Wicking and Williamson 1991) . As part of several studies on the genetics of disease resistance and trait performance we are developing a high-density map of soybeans that also incorporates RAPD markers.
Materials and Methods

Plant Material
The Glycine max ( L.) Merr. used in this study were PI 437.654, an unadapted soybean introduction and BSR 101, an elite cultivar ( Tachibana et al. 1987) . The plant introduction PI 437.654 is used for introgression of soybean cyst nematode (SCN)-resistant genes (Anand 1991) , while BSR 101 is a commercial cultivar susceptible to the disease ( Tachibana et al.1987) . The single seed descents (SSD) method was applied to obtain an inbred population ( F 6 :F 7 ) of 330 individuals from the cross between PI 437.654 and BSR 101 ( Baltazar and Mansur 1992; Keim et al. 1994) . For anchoring the markers obtained in this study, a subset of 42 recombinant inbred lines (RILs) was selected for screening. This subset, when used with RFLP markers only, was consistent in keeping the same order of the original map constructed with the full-set population. Eventually some of the RAPD markers found also were screened with the full set of RILs for validation (data not shown).
DNA Isolation and Template Preparation
DNA from leaf samples was extracted using the procedure described by Keim et al. (1988) . DNA concentrations were estimated using a Hoffer DNA fluorometer. After DNA isolation, the samples were undigested ( U) or digested with the restriction endonuclease DraI ( D), EcoRI ( E), HindIII ( H), or TaqI ( T ) according to the manufacturer's recommendation (Promega Biotech). This procedure as described by Ferreira and , increased the number of polymorphic bands that could be detected from a set of primers.
From Rigesa Ltda, Dep. Florestal, Caixa Postal 31. Canoinhas, SC 89460-000, Brazil ( Ferreira) , Westvaco, Forest Science and Technology, Summerville, South Carolina ( Foutz), and Northern Arizona University, Department of Biological Sciences, Flagstaff, Arizona ( Keim) . Address correspondence to Arnaldo R. Ferreira at the address above or e-mail: arnaldo.ferreira@ rigesa.com.br. We are indebted to David Grant, Heuzer S. Guimarães, Kim Norris-Caneda, Luiz Otávio de Andrade, Robert Thomas, Sandra M. Ferreira, and Victor Steel for their critical review and suggestions for this article. 
Amplification Conditions
The RAPD-PCR protocol was a modification of the one described by Williams et al. (1991 scored as ''A'' for BSR 101 allele or ''B'' for PI 437.654 allele genotypes. The parental origins of the marker alleles were also recorded. The RAPD marker nomenclature indicates the primer source by the first letter ( U, O, B, P) and its identification number, followed by another letter that represents the order in which the RAPD marker was registered.
Linkage Analysis
Linkage analysis was performed by the computer program MapMaker/EXP 3.0 with data type RI Self ( Lincoln et al. 1993 ).
The maximum likelihood estimate used in the program was derived from an algorithm by Lander et al. (1987) . The logarithm of odds ( LOD) score estimates the odds of linkage between two loci when they are separated by their maximum likelihood distance. According to Morton (1955) , LOD is more specifically defined as the log 10 of the ratio of the likelihoods when the loci are taken to be at their maximum likelihood recombination fraction and when the loci are considered unlinked. The recombination fraction observed in the RILs (R) is related to the proportion of recombinants in a single meiosis (r) by the equation r ϭ R/(2 Ϫ 2R), where r is the map distance in Morgans ( Haldane and Waddington 1931) . To construct the linkage map, the RAPD markers found were assigned to an existing RFLP map framework composed of 250 markers screened with a full-set population of 330 RILs. MapMaker multipoint analysis commands were used to construct this RFLP genetic map by calculating the order of the markers at a LOD score greater than 3.0 and a maximum distance of 30 cM. The Build command was then used to insert the RAPD markers to the RFLP framework at a LOD score threshold of 2.0 or greater. The markers that could not be placed with the threshold level were added using the Try command based on the best LOD score. To detect and correct an ordering error, the Ripple command was applied to each linkage group. Map distances were estimated using the Map command with the error detection function on. The recombination distances were converted to centiMorgans (cM) by the mapping function of Kosambi. The possible scoring and ordering errors were indicated by the Genotype command, which locates all the recombination events and potential errors. The potential scoring errors on the RAPD data were revised carefully to verify the recombination events and inconsistent combination of markers.
Analysis of Marker Allele Frequency Distribution
The object of this analysis was to describe the frequency distribution of marker allele ratios. The graphs generated indicate that distorted markers are not exceptions but part of a normally distributed curve of allele frequencies throughout the genome. The SAS procedure PROC UNIVARIATE (SAS Institute, Cary, NC) was used to obtain descriptive and inferential statistics for central tendency and variability of the RAPD marker-allele frequencies. Three data plots were also applied to analyze the RAPD marker-allele frequencies: the PLOT option which generates stem-and-leaf plot and box plot; the FREQ option which generates a frequency distribution plot; and the NORMAL option which generates a test for normality using the Shapiro-Wilk test statistic.
Results and Discussion
An RFLP linkage map of G. max PI 437.654 with anchored RAPD markers is presented in Figure 1 . In this genetic map we have combined 106 RAPD marker loci (see Table 2 for a descriptive list) with a preexisting scaffold map of 250 RFLP markers. This map comprises 35 linkage groups with four or more markers encompassing approximately 3275 cM. Regions with a high density of markers were detected in several linkage groups, indicating reduced recombination at these map locations. This phenomenon may be explained by a large reduction of crossing over near the centromeres during meiosis. Such events have been described in wheat by Luckaszewski and Curtis (1993) . The reduced recombination in these regions could be the result of the type of RFLP markers placed in the framework map. These RFLP markers were derived from hypomethylated genomic regions from which the PstI restriction fragments were generated ( Keim et al. 1988) . This type of RFLP marker may be discriminating against centric regions by restricting marker loci to euchromatic regions. From more than 500 RAPD primers screened with DNA from the two parents of our mapping population, about 23% did not generate any amplification product or display a defined RAPD pattern. The remaining primers generated 1-10 bands in sizes ranging from 100 to 2000 bp. About 21% of the primers screened revealed at least one detectable polymorphism between the parents, however, only 13% of all primers generated reliable RAPD markers. These RAPD markers were selected for screening and could be compared favorably with the RFLPs in terms of reliability. The Materials and Methods section on ''RAPD marker selection criteria and screening'' describes the screening process to select a reliable RAPD marker. According to Kesseli et al. (1994) , strong bands that were well separated from other fragments and smaller than 2000 bp identified RAPD loci that were misscored no more frequently than RFLP loci. In general, the RAPD markers were no more clustered than the RFLPs, indicating that both types of markers were equally applicable in this study. Another characteristic of the RAPD markers used in this study was the normal distribution of their allele frequencies. A normal distribution was detected for the allele frequencies with a mean of 49.1% and a standard deviation of 15.6% in which the test for normality with the ShapiroWilk test was 0.985 (see Figure 2 for more details). This result indicates that the presence of markers showing segregation distortion is an expected fact rather than an exception. Therefore the inclusion of these markers in mapping studies could contribute to increase the genome coverage by linkage mapping. The mapping and anchoring of distorted markers can be difficult and can significantly increase map distances in function of their unstable behavior related to map positioning. However, once mapped, regions containing alleles that are in low frequency in the population could be an indication of deleterious allele combinations favoring a specific genotype. This knowledge could be an important tool in mapping quantitative trait loci (QTLs) and designing crosses favoring specific genotypes.
Our study is an application of available RFLP marker information on a large population providing a robust genetic map to support further marker studies using a smaller subset population as suggested by Keim et al. (1997) . With a smaller subset population, larger numbers of marker loci can be screened more rapidly. Even though a smaller subset population is not recommended for fine-scale mapping of dense marker regions, map locations indicating QTL activities could be further investigated by applying the full-set population. Another important aspect of the results is that any additional contribution toward the construction of a high-density genetic map will be a valuable contribution to map-based cloning and marker-assisted selection studies. Map-based cloning requires very fine-resolution mapping to reduce chromosome walks in the regions of target genes. Likewise, as the link between the marker loci and the gene of interest become closer, marker-assisted selection is more effective. A tight link will minimize linkage drag of undesirable genes and decrease the frequency of crossing-over between the gene and the marker loci. In addition to obtaining a higher-density genetic map, the reduction of labor and cost by using subset populations and RAPD markers could make QTL studies suitable to small breeding programs where resources may be limited. In order to facilitate further use of our results by the research community, the full dataset and the linkage maps can be accessed at SOYBASE ( http://genome. cornell.edu/cgi-bin/WebAce/ webace?dbϭsoybase).
